The electrical conductivity tensor components σx x (H) and σxy(H) have been transformed into mobility spectrum. The resolution of the mobility spectrum has been discussed. As an example the electrical conduction in HgTe and HgCdTe samples have been analyzed using resistivity tensor components, conductivity tensor components and using the mobility spectrum.
Introduction
The integral expressions describing the electrical conduction in a periodic system is usually derived from the transport theory in the effective mass approximation. The integration over the k vector space was obtained by McClure in 1956 [1] . A commonly used form of integration in the energy space E was derived by Kolodziejczak in 1961 [2] . However, the most useful approach to the analysis of the electrical conduction versus magnetic field was proposed in 1987 by Beck and Anderson [3] . There the integration runs over the mobility All above-mentioned methods express the electrical conduction as an integral of the spectum of the electrical conductivity density S(k), S(E) or s(μ). The electrical conductivity density s(μ) has been called by Beck and Anderson the mobility spectum [3] .
The electrical conductivity tensor components versus magnetic field σxx(H) and σxy (H) can be transformed into the mobility spectum s(μ) [4] . This transformation is related to the inverse Laplace transform [4, 5] . The mobility spectum s(μ) is a new tool in the analysis of the experimental data, complementary to resistivity tensor or conductivity tensor components. On the other hand, the mobility spectum theoretically calculated or experimentally determined is a new form of (827) presentation of electrical carrier parameters, instead of the commonly used parameters: concentration n, average mobility μ, and Hall factor r. The analysis of the mobility spectum seems to be more fundamental than the analysis of the average carrier parameters: n and μ.
The numerical procedure of transformation of the electrical conductivity tensor components into the mobility spectrum described in Ref. [4] has been modified and is presented in this paper. The errors of the mobility spectrum are discussed. As an example, the mobility spectrum for HgTe sample has been analyzed.
Progress in the analysis of the electrical conduction
Properties of semiconduction are described by using models of physical phenomena, in the case of the transport phenomena using the model of the band stucture and models of the scattering mechanisms (Fig. 1) . Electrical conduction versus magnetic field is a powerful tool in the analysis of the transport theory. The experimental data of the electrical conduction can be expressed by the resistivity p(H) or conductivity σ(H) tensor components. Using the familiar theoretical expressions valid in the non-quantum regime [2] , the σ(H) can be transformed into the mobility spectrum [3, 4] . Then, we have a new tool in the analysis of the transport theory, the mobility spectrum.
In order to describe the electrical conduction the parameters derived from the transport theory are used. Parameterizing the electrical conduction can be realized in different levels of the theory. Commonly used parameters are the concentration and the mobility of the electric carriers. They are calculated from the HaH coefficient and conductivity using the familiar expressions valid in the case of the conduction by one group of carriers [2, 3] or in the case of mixed conduction from the analysis of the magnetic field dependence of the electrical conductivity tensor components σxx(H), σxyH) [6, 7] . However, more fundamental description of the electrical conduction is made by the mobility spectum s(μ). It is seen in Fig. 1 that the shape of the mobility spectrum peak depends on the band stucture E(k) and on the scattering mechanism μ(E) in the range of the energy kT close to the Fermi energy EF. In contrary to the average carrier parameters the experimentally determined mobility spectrum provides a suggestive representation of the electrical conduction that is easily interpreted in terms of the band stucture and scattering processes.
On the other hand, the average carrier parameters can not very well describe the magnetic field dependence of the electrical conduction [4] . It follows from the integral expressions describing σ(H) (see Fig. 1 ). In order to describe σ(H) precisely the mobility spectum s(μ) is necessary [4] .
For example, the electrical conduction for HgCdTe sample at the temperature 0.4 K analyzed by Tsidilkovskii et al. [8, 9] is shown in Fig. 2 in forms of the resistivity tensor components, conductivity tensor components, and in forms of the mobility spectum of partial conductions for electrons and holes.
The resistivity tensor components pxx(H ) and pxy (H) have been analyzed by Tsidilkovskii et al. [8, 9] assuming that the whole transport is realized by conduction band electrons. The parameters for electrons [8, 9] are shown in Table I .
With the use of these parameters the resistivity and conductivity tensor components in low magnetic fields have been calculated. The results are shown in Figs. 2a and 2b by thin solid lines. Good agreement between calculated curves and experimental data in low magnetic fields have been obtained. The resistivity tensor components in high magnetic fields were described assuming magnetic localization of the conduction band electrons. The critical magnetic fields were estimated from characteristic points on pxx (H) and pxy (H) curves [8, 9] .
The conductivity tensor components σxx and σxy calculated from pxx and pxy [6] are shown in Fig. 2b . Assuming that the quantum effects can be negligible, the average carrier parameters have been calculated as 7 parameter fit to σxx (H) and σxy(H) experimental data. In the fitting the integral expressions [2] have been approximated by algebraic expressions [7] putting all scattering coefficients being equal to one. The resulting parameters are shown in Table I . The resistivity and conductivity tensor components calculated with the use of the fitting parameters are shown by broken lines in Figs. 2a and 2b. There is a quite good agreement between the calculated curves and experimental data for pxx(H), σx x(H), and (H), and not so good for pxy (H) . Disagreement between the calculated curves and experimental data follows from the approximations in which we have used all scattering coefficients being equal to one [6, 7] , and we have neglected the quantum effects.
The result of the transformation of σx x(H) and σxy (H) into the mobility spectum sn(μ), and sP(μ) is shown in Fig. 2c . Assuming that the quantum effects are negligible, the mobility spectrum presents the full physical information which can be obtained from the analysis of the σx x( H) and xy(H) experimental data. The quality of the phenomenological description of the magnetic field dependence of the electrical conduction using the mobility spectum is shown by thick solid lines in Figs. 2a and 2b. With all excellent descriptions of the experimental data, the mobility spectrum shown in Fig. 2c presents unphysical results. Negative partial conductions were obtained in high magnetic field. It follows from the quantum effects which can not be neglected particularly in high magnetic fields. However, assuming that the quantum effects can be neglected the average parameters [4, 7] for high and low mobility groups of electrons and holes have been calculated and the results are shown in Table I .
The above example shows the possibility following from the analysis of the experimental data in the form of resistivity tensor components, conductivity tensor components, and in the form of the mobility spectrum.
Note that the resistivity tensor components are very useful in the analysis of the electrical conduction in the single band structure model, whereas the conductivity tensor components are very useful in the case of the multiband structure model. However, the mobility spectrum shows the properties which are not seen on the curves of the conductivity or resistivity tensor components. In the analysis of the electrical conduction the mobility spectrum is a complementary form to the resistivity and conductivity tensor components.
It is clear that the parameters describing the electrical conduction depend on the model and on the approximations used in the analysis (Table I ). The differences between the carrier parameters follow from different models used in the analysis of the electrical conduction as well as from the approximations. It must be pointed out that the average mobilities calculated from the mobility spectum correspond to the Hall mobility [7] . The mobilities obtained in the fitting procedure are undefined and can differ by the scattering coefficient from the mobilities obtained from the mobility spectum. Both groups of parameters contain an error due to neglecting the quantum effects observed in high magnetic field. The parameters obtained with the assumption of the single band and magnetic localization of the conduction band electrons [8, 9] can not be compared with the parameters estimated here while neglecting all quantum effects in the multiband energy stucture.
Conductivity tensor components
In the transformation of the conductivity tensor components σxx(H) and (H) into the mobility spectrum sn(μ), sP(μ) the integral expressions [3] have been approximated by the sum expressions [4] :
where pi covers a whole range of the mobility with the step Δμi. The sets (sn (μi)Δμi, μi), (sP (μi)Δμi, μi) correspond to the mobility spectum Sn (μ), sP (μ).
To simplify the notation, it is useful to introduce effective amplitudes A x x i and AP:
where SI' and S' are partial conductions of electrons and holes, respectively. 
Mobility spectrum
The electrical conduction is transformed into the mobility spectum using an iterative procedure, similar to that described in Ref. [4] .
In the iterations the subsequent trial functions for σ xx, (Axxi,k, μi) are the set of amplitudes Axxi and mobilities μi. The first trial function (Axxi,l, μi) can be calculated using the envelope of the mobility spectrum obtained by the method described in Ref. [3] or a test function described in Ref. [4] . Also, the fitting parameters can be used in the estimation of the first trial function. Further the trial functions (Ax x i , k , , μ i ) a r e e s t i m a t e d i n t h e i t e r a t i o n p r o c e d u r e , u n t i l t h e c a l c u l a t e d conduction tensor component attains good agreement with the experimental data. The algorithm of the iterations is shown in Fig. 3 . The basic iteration procedure is given by the following expressions:
The conductions Ax x i , k a r e o b t a i n e d a f t e r k i t e r a t i o n s . T h e q u a n t i t i e s δ a n d α a r e adjustment coefficients, σxepxx(Hj) are experimental data and σxx( H)) are calculated from Eq. (3a). The trial functions and the basic iteration procedure for σxy component are defined similarly to that shown above for σxx. . For δ = 0, the basic procedure (4a, b) is the same as the basic procedure described in Ref. [4] , and it transforms randomly distributed experimen- 
I n o r d e r t o d e c r e a s e t h i s r a n d o m d i s t r i b u t i o n o f t h e a m p l i t u d e s Axx and Axy we introduced δ
> 0. We calculated Qi for magnetic fields in the range Hi-δ -Hi+δ where Hi satisfies the following relation:
Properties of the mobility spectrum

In order to obtain the mobility spectrum s(μ), [sn(μ), sp(μ)] we ought to transform a continuous function σexp(H)=σexpxx(H)+iσexpxy(H) covering magnetic
field range from H = 0 to H = oo and given with an infinite accuracy, into a continuous function s(μ). However, the iteration method works while using a finite number of experimental data which have a finite accuracy and which are in a limited magnetic field range. Because the transformation of the conductivity tensor
σexp(H) into the mobility spectrum s(μ) is very unstable [4, 5], we can obtain a family of curves s(μ), F(s(μ)), or a family of sets [ Ax x i , Ax y i , μ i ] , F ( [ Ax x i ,A x y i , μ i ] )
, which describe the experimental data σexp(H) within the experimental error.
The differences between the sets [Axxi, Axyi, in the whole range of the magnetic field.
If σ'xx(H) describes the experimental data within the error, the new set (A'xxi, μi) belongs to the family F( [ Axxi , Axyi , μi ] ) .T h e d i f f e r e n c e b e t w e e n t h e s e t s [Axxi,
can be treated here as a result of a "loan" of A , from the amplitude Axxkt o t h e a m p l i t u d e A x x j .
Using the "loan" technique, we can calculate the resolution of the mobility spectum. The resolution used in this paper in the analysis of the set [ Axxi , Axy i , μi ] can be treated similarly to the resolution used in the analysis of optical spectra.
A possible definition of the resolution is presented below. "Left hand side resolution" of the mobility spectrum (Axxi , μi )a t t h e p o i n t i = , μ z , i s a m a x i m a l range of mobilities Δμz-_ : the number i denotes the range of mobilities, in which all amplitudes Axi can be replaced by one effective amplitude Axxz at μ z .
T h i s w a y t h e s e t ( A x x i , μ i )
i s transformed into a set A'xxi,, In a similar way we can define the "right hand side resolution" Δ μ z+ . Using above definitions for the set (Axxi , μi) and similar for the set (Axyi, μi) we can calculate the resolution Δμi = + Δμ i -+ Δ μ i +
a t e a c h p o i n t μ i f o r e v e r y s e t [ A x x i , A x y i , μ i ] o f t h e f a m i l y F ( [ A x x i , A x y i , μ i ] ) .
T h e r e s o l u t i o n c a n b e d e t e r m i n e
Example
The conductivity tensor components for a HgTe sample at the temperature 30 K versus magnetic field in the range from 0.01 to 30 T are shown in Fig. 4 .
From the analysis of the conductivity tensor components similar to that used in Ref. [6] for all i except these ones for which μi is closest to μn or μp. There:
Using Eqs. (2), (3)and (4) with the parameters: d = 10, α = 0.01, and δ = 5 the experimental data σexp (Hj)h a v e b e e n t r a n s f o r m e d i n t o t h e s e t[
A x x i , A x y i , μ i ] .
In Fig. 5 the set (Axxi , μi) obtained after 50 iterations is marked with crosses.
Another set [Axxi, Axyi, μ i ] has been obtained starting with the four parameters σn, μn σp,μp estimated from σx y. The resulting set (Ar , μi) is marked in Fig. 5 with circles. In each set two components (Axxi , μi )w i t h t h e p a r a m e t e r s c l o s e to the starting parameters σ n , μn, σp , μp are observed. Because both sets (Axxi, μi) describe the electrical conduction with similar accuracy, only the fit given by the mobility spectum obtained with the starting parameters from σxx is shown by solid lines in Fig. 4 .
The In order to obtain more precise transformation of the electrical conduction into mobility spectum, the basic iteration procedure is supported with a decreasing procedure and a smoothing procedure. The decreasing procedure for amplitude A u v i ( u v = x x , x y ) h a s a s i m p l e f o r m :
The smoothing procedure, similar to that used in Ref. [4] , transforms the amplitude Auvi into A'uvi as follows:
where Ai is calculated from a linear equation:
The algorithm of the extended iteration procedure containing basic, decreasing and smoothing procedures described by Eqs. (4, 8, 9) is shown in Fig. 3 . In each iteration the decreasing procedure, the smoothing procedure, and the basic procedure are repeated for all points μi. At a point μi the decreasing procedure is used for all amplitudes Auvj in the range Δ μ i excluding the amplitude Auvi. Then, in each iteration all amplitudes Auvi are decreased proportionally to the number of hori zontal l i nes coveri ng Auvi . Si mi l arl y, the smoothi ng procedure i s repeated for all ranges Δ μi . However, the minimal range Δ μi in the smoothing procedure is given by three points: i -1, i , i 1, even in the case k = 0.
Starting with two mobility spectra marked in Fig. 5 with circles and crosses, the final mobility spectra have been calculated using the extended iteration procedure. The mobility spectra obtained after 10 iterations are shown in Fig. 6 . Both spectra are similar. The resolutions for only one mobility spectrum (circles) are shown in Fig. 6 because for the both sets the resolutions are also similar. It is seen that the resolutions for the main groups of amplitudes in the range of mobilities from 20000 cm2/V s to 300000 cm2/V s, and from 200 cm 2/V s to 2000 cm2/V s correspond to < 1. Only the tails of the main groups of amplitudes are characterized by k > 2.
It is interesting to compare the mobility spectra obtained with the use of the simple and extended iteration procedures. The mobility spectra marked in Fig. 5 and Fig. 6 with circles are shown in Fig. 7 by open and full circles. The loan effect is seen in the region close to the amplitudes A= 38 (Ωcm)-1 and A = 16 (Ωcm)-1.
Using the method described above we have selected from the family F [ ( A x x i , A x y i , μ i ) ] a c l a s s o f s o l u t i o n s ( A x x i , A x y i , μ i ) , w h i c h c a n n o t b e m o d i f i e d using the "loan" technique defined by Eqs. (6) . However, these solutions can be still modified using a "feeble loan" technique, in which the set (Axxi, Axyi , μi) will be modifled using for loan procedure an amplitude A , chosen in such a way that a new set (A'xxi,Axyi,μi) describe the experimental data and is still characterized by resolutions corresponding to k < 1.
In order to interpret the structure seen in the range of mobilities from 20000 cm2/V s to 300000 cm2 /V s, the electron Snia n d h o l e S p i c o n t r i b u t i o n s have been calculated from the amplitudes Axxi and Axyi as follows:
The results are shown in Fig. 8 we can force the electron and hole contributions to be positive. However, keeping the fit within the experimental error we can do it only for holes in the range of mobilities from 50000 cm 2/V s to 170000 cm2/V s. It means that the negative conductions of holes in tle higler mobility range are an artifact of errors in estimations of Axxi and Axyi, and can be corrected in further analysis. The negative conductions in the range of low mobihty can be interpreted as following from systematic experimental errors of σxx and σxy i n t h e r a n g e o f h i g h m a g n e t i c fields, or as quantum effects, which lead to the magnetic field dependence of the concentrations and mobilities. This problem should be considered separately.
Conclusions
The electrical conduction versus magnetic field has been transformed into the mobility spectum using the extended iteration procedure. In order to avoid the effect of the random dispersion of the experimental data on the resulting mobility spectrum, the corrections have been calculated from average deviations. In order to reduce the effect of choice of the first trial function on the resulting spectra, the resolution of the mobility spectrum has been used in the smoothing and decreasing procedures. Using the extended iteration procedure, one can obtain good resolutions for the mobility spectum, and the mobility spectum is not sensitive to the form of the first trial function. The extended procedure eliminates
